1. Introduction {#sec1}
===============

Recent years have witnessed many attempts for the detection of multiple transition and post-transition metal ions of biological importance^[@ref1]^ and hazardous nature^[@ref2]^for the human body. Indium is a post-transition metal and is widely used in the manufacturing of semiconductors, solar cells, aerospace, military, and industrial products, etc.^[@ref3],[@ref4]^ The indium tin oxide (ITO) film finds extensive use in preparing liquid crystal displays (LCDs) for a variety of electronic gadgets such as mobile phones, PC monitors, etc. Not only that, ITO-coated coverslips are extensively used for research in scan-probe experiments as they provide high electrical conductivity and good optical transmission.^[@ref5],[@ref6]^However, indium has been regarded as one of the important scarce metal ions found in the earth, and its production and usage should be regulated to meet the ever increasing demand. In^3+^ is not a biological cation, although there is a report^[@ref7]^ about the toxicity of absorbed In^3+^ toward different parts of the human body such as liver and kidneys, biological membranes, and lungs. Therefore, recognition and selective detection of In^3+^ need great attention. On the other hand, Pd^2+^ is a transition metal ion that plays an important role in cancer treatment, dental crowns, jewellery, electronics, and many more.^[@ref8]^ Pd^2+^ is used as a catalyst for many reactions, and the contamination with Pd^2+^ requires extensive purification.^[@ref9]^ Thus, detection of Pd^2+^ is also of significant interest since the residue of Pd^2+^ left in food, water, or drugs can lead to adverse effects on health.^[@ref9],[@ref10]^

Different techniques such as atomic absorption spectroscopy (AAS), high-performance liquid chromatography (HPLC), and X-ray fluorescence (XRF) have been used for detection of Pd^2+^,^[@ref9]^ while analytical techniques such as IC-AES (inductively coupled atomic emission spectroscopy),^[@ref11],[@ref12]^ optical methods,^[@ref13]^ inductively coupled mass spectroscopy,^[@ref14],[@ref15]^ and electrochemical analysis methods^[@ref16],[@ref17]^ are mainly used to determine In^3+^. These techniques are not advantageous due to laborious experimental conditions and high instrument cost. Considering the increasing demand of indium, there is an urgent need for an easy, economic, and real-time method for determining In^3+^. In recent times, fluorescence-based detections of metal ions are most popular due to the simplicity and easy analysis of the experiment. Although many different types of fluorescent probes are used for the detection of cations, there are only a handful of reports of In^3+^ detections via fluorescent probes.^[@ref18]^ On the other hand, novel properties of carbon dots (CDs) such as high biocompatibility, chemical stability, good optical absorptivity, and water solubility have set them as promising candidates from conventional fluorophores.^[@ref19]^ They have found their application in various fields such as sensing of metal ions, bioimaging, photovoltaic devices, catalysis, and drug delivery.^[@ref20]−[@ref27]^ However, the emission profiles of most of the reported CDs lie in the blue or green region of the spectrum, which limits their application. Fluorophores emitting at infrared wavelengths are of potential interest for bioapplications as the penetration depth of electromagnetic radiation is high and the autofluorescence of tissue is minimum at the infrared window.^[@ref28]−[@ref31]^ However, the low quantum yield, poor photostability, and challenging synthetic steps for near-infrared (NIR) dyes currently limit their applicability. So, red-emitting carbon dots with decent quantum yield can be a suitable substitute to the conventional organic fluorophores. Very recently, red-emitting carbon dots have found its increasing application in detection of various type of analytes such as hematin,^[@ref32]^ methylene blue, Fe^3+^, [l]{.smallcaps}-cysteine, etc. It was also used in the photoreduction of Cr(VI) to Cr (III) and also in light-emitting diodes.^[@ref33]^

Various carbon sources such as citric acid and ethylene diamine,^[@ref34]^ 1,2,4,5-benzene tetrahydrochloride,^[@ref35]^ ethanolic solution of pulp free lemon juice^[@ref36]^ and sugarcane bagasse,^[@ref37]^ and phenylenediamine^[@ref38]^ were used as a precursor for synthesizing red-emitting carbon dots. Due to complex compositions of natural products as a carbon source, small molecules such as phenylenediamine (PD) have drawn great attention in recent years.^[@ref39]^ Ortho, meta, and para isomers of PD were used to synthesize *o*-CDs (*o*-phenylenediamine CDs),^[@ref32],[@ref40],[@ref41]^*m*-CDs (*m*-phenylenediamine CDs),^[@ref42]^ and *p*-CDs (*p*-phenylenediamine CDs),^[@ref38],[@ref42]^ respectively. However, improving the quantum yield (QY) of the as-synthesized red-emitting carbon dots is a big challenge as most of them have low quantum yield values.^[@ref43]^ Surface modification of CDs by doping with heteroatoms such as oxygen, sulfur, nitrogen, boron, phosphorous, etc., can enhance the photoluminescence property of the as-prepared CDs^[@ref44]^such that they can be used for practical applications.

In this work, we report the hydrothermal synthesis of nitrogen-doped red-emitting carbon dots (NRCDs) from *p*-PD in the presence of nitric acid and amino benzoic acid. The as-prepared NRCDs showed excellent water solubility and photostability along with excitation-independent NIR emission with a quantum yield of 18%. The NRCDs were found to be capable of selectively detecting In^3+^ and Pd^2+^ in water among 16 tested metal ions. The detection of In^3+^ was associated with "turn-on" fluorescence response with a red shift, while in the presence of Pd^2+^, the fluorescence intensity of the NRCDs was quenched. The binding interaction of NRCDs with the metal ions was analyzed jointly using NMR and FTIR studies to realize the involvement of the −OH groups of the NRCDs' surface. To explore the practical applications of the prepared NRCDs in sensing, confocal fluorescence imaging was successfully performed by encapsulating the NRCDs in biocompatible vesicle membranes with and without the desired cations.

2. Results and Discussion {#sec2}
=========================

2.1. DLS, TEM, UV--Vis, and Fluorescence Studies {#sec2.1}
------------------------------------------------

The schematic of the preparation process of the RCDs and NRCDs are depicted in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}. Subsequently, the RCDs and doped NRCDs were characterized by DLS, UV--Vis, FTIR, XPS, HRTEM, NMR, and fluorescence spectroscopic techniques. Initially, the sizes of the as-prepared RCDs in water were measured by the DLS ([Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00883/suppl_file/ao0c00883_si_001.pdf), Supporting Information) technique. From DLS measurements, the average hydrodynamic radius of the particles was found to be in the range of 15--20 nm for RCDs. Subsequently, the average size of NRCDs was analyzed through STEM and HRTEM studies. STEM images indicated about the average diameter of NRCDs to be around 8--10 nm **(**[Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00883/suppl_file/ao0c00883_si_001.pdf), Supporting Information). HRTEM images ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a,b) of NRCDs also furnished similar sizes compared to the one obtained from STEM as the average size was found to be 12 nm. Possibly, the use of nitric acid during the doping process restricted the aggregation process of the RCDs and promoted the formation of smaller nanodots.^[@ref46]^ The absorption and photoluminescence properties of RCDs and NRCDs are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c,d. The UV--Visible spectra ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c) of the CDs displayed a broad spectrum across the complete visible region with main peaks at 280 and 532 nm. The absorption band at 280 nm was observed due to π--π\* transition of the graphitic sp^2^ domain of carbon dots.^[@ref47]^ The peak above 500 nm could be attributed to *n*--π\* transitions of the aromatic core consisting of C--O or C--N structures.^[@ref48],[@ref49]^ The emission spectra before and after doping are depicted in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}**d,** which clearly showed that doping significantly increased the photoluminescence properties of CDs. It must be noted that increasing the quantum yield (QY) of RCDs is of significant importance. To our satisfaction, we measured and found that the QY of NRCDs is 18%, with substantial 40 times enhancement from the QY of RCDs (0.45%). With the nitrogen doping, we observed a blue shift in emission maxima of the nanoemitter from 653 to 621 nm, indicating the generation of possible new emission centers on the CDs' surface. However, for both RCDs and NRCDs, the emission spectra displayed an excitation-independent emission wavelength ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00883/suppl_file/ao0c00883_si_001.pdf), Supporting Information) with variation in fluorescence intensity.

![(a, b) HRTEM images of NRCDs; inset in (a) shows the size distribution of NRCDs. (c) UV--Vis absorption spectra and (d) emission spectra (λ~ex~ = 460 nm) of RCDs and NRCDs in water.](ao0c00883_0012){#fig1}

![Schematic Representation of Synthesis and Nitrogen Doping of Red-Emitting Carbon Dots](ao0c00883_0002){#sch1}

2.2. XPS Study {#sec2.2}
--------------

X-ray photoelectron spectroscopy (XPS) is a sensitive technique to analyze the surface composition, and therefore, we have used it to determine the surface chemical composition of RCDs and NRCDs. From the XPS survey spectra ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00883/suppl_file/ao0c00883_si_001.pdf), Supporting Information), it was observed that the peaks appeared at 286, 400, and 532 eV correspondingly for C 1s, N 1s, and O 1s, respectively.^[@ref50]^ Hence, the results indicated that the CDs' surface mainly consisted of C, N, and O. The narrow scan XPS spectra ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}**)** revealed that the strongest peak at 286.1 eV could be associated to the C--OH group, whereas the peak at 294.4 eV corresponded to the C=O group for both RCDs and NRCDs. The peak at 293 eV could be assigned due to the potassium ion as the pellet was prepared using KBr (potassium bromide). The N--H group at 402 eV confirmed the existence of nitrogen on the CDs' surfaces. The XPS spectrum of O 1s for both the CDs contained one peak at 533.3 eV, which can be ascribed to oxygen in the form of C--OH. Thus, from the XPS analysis, it was confirmed that the surface of the CDs mostly consisted of −OH, −COOH, and a small amount of −NH groups. Moreover, the elemental analysis obtained from the XPS data ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) suggested once again that the obtained RCDs and NRCDs mainly consisted of C, N, and O. Importantly, the nitrogen and oxygen contents increased to almost twice for NRCDs after doping.

![XPS spectra of as-prepared RCDs and NRCDs: (a, d) C 1s, (b, e) N 1s, and (c, f) O 1s.](ao0c00883_0011){#fig2}

###### Elemental Analysis of RCDs and NRCDs from XPS

  sample   %C    %N    %O
  -------- ----- ----- -----
  RCDs     86%   5%    9%
  NRCDs    74%   10%   16%

2.3. Application of NRCDs in Selective Detection of Metal Ions in Water {#sec2.3}
-----------------------------------------------------------------------

The lyophilized powder of the NRCDs was dispersed in Millipore water, and the solution was used for metal ion detection via the fluorescence method. The NRCDs showed emission maxima at 600 nm when excited at 460 nm ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d). The selectivity experiments of NRCDs were carried out with 16 different metal ions, as shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. Among all the tested metal ions, In^3+^ efficiently enhanced the fluorescence intensity with a red shift of 11 nm, while Pd^2+^ quenched the fluorescence of the NRCDs with a slight blue shift. This observation encouraged us to believe that the NRCDs could be used as potential "turn-on" and "turn-off" nanosensors for In^3+^ and Pd^2+^, respectively, in aqueous solution. The photographic fluorescence images of NRCDs with In^3+^ and Pd^2+^ ions are provided in [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00883/suppl_file/ao0c00883_si_001.pdf), Supporting Information.

![(a) Emission spectra of selectivity study of NRCDs (1 mg/mL). (b) Bar plot showing the change in emission intensity with addition of different metal ions with a concentration of 0.2 mM (λ~ex~ = 460 nm).](ao0c00883_0010){#fig3}

The fluorescence titration experiment was further carried out with increasing concentrations of In^3+^ to calculate the detection limit for In^3+^ sensing, as shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. Initially, the intensity increased linearly with increasing amount of In^3+^, but the graph deviated from linearity at higher concentrations of In^3+^. In the linear range of the plot, the calibration equation for In^3+^ detection is shown below, where *F* stands for emission intensity of NRCDs in Millipore water.

![(a) Fluorescence emission spectra with an increase in In^3+^ concentration and (b) calibration curve as a function of In^3+^ concentration in water (inset shows the linear range of the sensor for calculation of detection limit).](ao0c00883_0009){#fig4}

The concentration of In^3+^ can be quantitatively detected through the known calibration equation.^[@ref51]^ On the basis of the following equation, the detection limit (DL) can be estimated as followswhere σ is the standard deviation and *K* is the slope of the calibration curve. By this procedure, the DL of NRCDs for In^3+^ was found to be 300 nM. It is very worthwhile to note here that the selective detection of In^3+^ was carried out in acidic pH, considering the practical application in view, since it is well known that the maximum solubility of In^3+^ in aqueous solution is obtained at around pH 3 and, at higher pH, it precipitates as solid In(OH)~3~. Moreover, to produce In^3+^ from the ores and secondary materials, acid leaching is the most critical process.^[@ref52]^ However, we have carried out the In^3+^ sensing experiment at different pH values as well, but as expected, the best result was obtained only under acidic pH ([Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00883/suppl_file/ao0c00883_si_001.pdf), Supporting Information). There are very few reports on the detection of In^3+^, and the DL values for a few selective In^3+^ sensors are listed below in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

###### Detection Limits with Different Probes for In^3+^ Detection

  no.   In^3+^ sensor                                                                                 detection limit of In^3+^   method            reference
  ----- --------------------------------------------------------------------------------------------- --------------------------- ----------------- ------------
  1     phosphoserine as a receptor bearing a pyrene fluorophore                                      64 nM                       fluorescence      ([@ref18])
  2     BCH((*E*)-*N*-benzhydryl-2-((2-hydroxynaphthalen-1-yl)methylene)hydrazine-1-carbothioamide)   0.89 μM                     fluorescence      ([@ref58])
  3     molecularly imprinted polymer sensor                                                          4.7 nM                      electrochemical   ([@ref59])
  4     nitrogen-doped red-emitting carbon dots (NRCDs))                                              300 nM                      fluorescence      this work

### 2.3.1. Discussion of Fluorescence Quenching for Pd^2+^ Detection {#sec2.3.1}

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a depicts that the fluorescence of NRCDs decreased gradually with increasing addition of Pd^2+^. The fluorescence quenching of NRCDs with the addition of Pd^2+^ was described by using the Stern--Volmer equation:^[@ref53]^where *F*~0~ and *F* are the fluorescence intensities of fluorophore in the absence and presence of the quencher, \[Q\] is the quencher concentration, and *K*~sv~ is the Stern--Volmer constant. When we plotted *F*~0~/*F* versus \[Q\] ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00883/suppl_file/ao0c00883_si_001.pdf), Supporting Information), it displayed a linear relationship within the studied concentration range for Pd^2+^ (0--33 μM). The bimolecular quenching constant was calculated by using the equation *K*~sv~ = *k*~q~τ, where *k*~q~ is the bimolecular quenching constant and τ is the average lifetime of the fluorophore. The obtained value for *K*~sv~ was found to be 2.1 × 10^4^ mol^--1^ from the plot, and the average lifetime was determined to be 1.1 ns, resulting to a *k*~q~ value of 1.9 × 10^13^ L mol^--1^ s^--1^, which was greater than the maximum value possible for dynamic quenching (2 × 10^10^ L mol^--1^ s^--1^).^[@ref54],[@ref55]^ Therefore, it can be anticipated that the quenching interactions between the NRCDs and Pd^2+^ was static in nature and may be via a ground-state complex formation. Moreover, using the same principle as described before for In^3+^, the DL for Pd^2+^ was calculated to be 60 nM.

![(a) Emission spectra of NRCDs in the presence of Pd^2+^ and (b) calibration curve as a function of Pd^2+^ content in water.](ao0c00883_0008){#fig5}

2.4. FTIR and ^1^H NMR Studies {#sec2.4}
------------------------------

To identify and understand the interaction of the surface functional groups of NRCDs with In^3+^ and Pd^2+^ during the concomitant turn-on and turn-off fluorescence behavior, we employed zeta potential measurement, UV--Vis absorption, FTIR, and ^1^H NMR studies. The zeta potential (ZP) measurements of NRCDs showed that the ZP increased from +19.5 to +25.4 mV after addition of In^3+^ ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00883/suppl_file/ao0c00883_si_001.pdf), Supporting Information), indicating possible interaction and adsorption of In^3+^ on the surface of NRCDs. The UV--Visible spectra for the NRCDs were also obtained with and without the metal ions; however, no significant changes in the spectra were observed except Pd^2+^, indicating a possible ground-state interaction for Pd^2+^ with NRCDs ([Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00883/suppl_file/ao0c00883_si_001.pdf), Supporting Information). To confirm this, we performed UV--Vis ([Figure S12](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00883/suppl_file/ao0c00883_si_001.pdf), Supporting Information) and fluorescence lifetime ([Figure S13](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00883/suppl_file/ao0c00883_si_001.pdf), Supporting Information) titration experiments for NRCDs with increasing concentration of Pd^2+^. We observed an increase in absorbance values with no significant change in fluorescence lifetime ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00883/suppl_file/ao0c00883_si_001.pdf), Supporting Information) for the NRCDS with increasing concentration of Pd^2+^, confirming a ground-state interaction between NRCDs and Pd^2+^. The FTIR spectra of the NRCDs ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}**)** provided the information about the functional groups present on the CDs' surfaces. The observed frequencies were mainly indicative of the functional groups such as −OH/--NH (3400 cm^--1^), C=O (1630 cm^--1^), and OH bending (1380 cm^--1^). It can be easily understood from [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} that the IR spectra were very similar even after the addition of metal ions, except the −OH bending region, as the appearance of a new peak at 1450 cm^--1^ in the −OH bending region after addition of Pd^2+^ and In^3+^ ions confirmed that the interaction with the metal ions was primarily led by the −OH group of the CDs' surface. Most importantly, we did not notice the appearance of the same peak when the same study was performed with two nonresponsive metal ions: Al^3+^ and Zn^2+^. However, we observed line broadening of the peak at 1380 cm^--1^, which could be due to the result of non-emissive adduct formation between NRCDs and Al^3+^ and Zn^2+^ as they did not produce any change in the fluorescence intensity of the NRCDs ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b).

![(a) FTIR spectra of prepared NRCDs before and after addition of metal ions, where the shaded area indicates the −OH bending region. (b) Only −OH bending region of NRCDs from (a), where the shaded area indicates the appearance of a new peak at 1450 cm^--1^ only for Pd^2+^ and In^3+^.](ao0c00883_0007){#fig6}

The involvement of hydroxyl group is further established through ^1^H NMR titrations of NRCDs with and without the addition of metal ions ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}**)**. The ^1^H NMR titrations were carried out in DMSO-*d*~6~ as it was most inexpensive and easily available water-miscible deuterated solvent. The obtained NMR spectra of free NRCDs ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a) revealed that there were two main chemical environments present: (i) 3--6 ppm region belonging to protons attached to the hydroxyl group and (ii) 6--8 ppm region belonging to the sp^2^ or aromatic protons. The sharp peak at 2.5 ppm was found due to the solvent. As can be seen in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b, with subsequent addition of In^3+^, the −OH peak sequentially shifted to downfield from 3.9 to 4.01 ppm**.** The observation confirmed a sucessful adduct formation between NRCDs and In^3+^ via −OH groups. Thus, this study directly revealed that there was a substantial binding interaction of NRCDs with In^3+^, which resulted in the fluorescence enhancement. In the case of subsequent addition of Pd^2+^ to NRCD solution ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}c), once again, the binding was confirmed as we observed an upfield shift in the −OH peak position after metal binding. Possibly, it was indicative of higher electron density around the hydroxyl proton in the presence of Pd^2+^. It was worth mentioning here that we did not notice any other appreciable change to the spectra, except the −OH region, after the addition of metal ions. As expected, we also did not observe any significant change in the −OH peak position values when we added the same amount of Al^3+^ and identically performed the ^1^H NMR titration experiment of NRCDs ([Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00883/suppl_file/ao0c00883_si_001.pdf), Supporting Information).

![^1^H NMR spectra of (a) NRCDs and NRCDs with increasing concentrations of (b) In^3+^ and (c) Pd^2+^ in deuterated DMSO.](ao0c00883_0006){#fig7}

2.5. Lifetime Studies {#sec2.5}
---------------------

The fluorescence decay traces of NRCDs in the presence and absence of metal ions are recorded and shown in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. As can be seen from the decay patterns and the lifetime values ([Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}), it was confirmed that the enhancement in the fluorescence intensity after addition of In^3+^ followed an increase in the fluorescence lifetime of the emitter. This could be due to the decrease in nonradiative transition probability of the excitons in the NRCDs after binding of In^3+^. The average lifetime was calculated using the following equation^[@ref56]^where τ*~i~* is the lifetime of the particular component, *a~i~* is the contribution of that particular component, and τ*~f~* is the average lifetime. The average lifetime of NRCDs increased from 1.1 to 2.02 ns, with addition of In^3+^. However, in the case of Pd^2+^, the lifetime of NRCDs did not show any significant alteration, which, once again, confirmed the presence of static quenching in this case. A closer look at the lifetime components after Pd^2+^ binding clearly indicated the presence of two main species (45 and 42%, respectively) in the ground state, which corroborated well with the fluorescence spectra in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} as we obtained a broad fluorescence spectrum containing two peaks for NRCDs with lower intensity after the addition of Pd^2+^. So, it could be postulated from the lifetime results that one of the species was free NRCDs and the other one was adduct of NRCDs and Pd^2+^.

![Time-resolved fluorescence decay curves of NRCDs (1 mg/mL) with and without the addition of 500 μL of 10^--3^ M In^3+^ and Pd^2+^; the emission was collected at 600 nm upon 440 nm excitation.](ao0c00883_0005){#fig8}

###### Lifetime of Samples Calculated from Time-Resolved Fluorescence Decay Curves

  sample           τ~1~[a](#t3fn1){ref-type="table-fn"} (ns)   τ~2~[a](#t3fn1){ref-type="table-fn"} (ns)   τ~3~[a](#t3fn1){ref-type="table-fn"} (ns)   α~1~[b](#t3fn2){ref-type="table-fn"}   α~2~[b](#t3fn2){ref-type="table-fn"}   α~3~[b](#t3fn2){ref-type="table-fn"}   χ^2^   τ*~f~* (ns)
  ---------------- ------------------------------------------- ------------------------------------------- ------------------------------------------- -------------------------------------- -------------------------------------- -------------------------------------- ------ -------------
  NRCDs            0.11                                        0.81                                        2.30                                        11                                     62                                     27                                     1.08   1.1
  NRCDs + In^3+^   0.18                                        0.98                                        2.31                                        8                                      9                                      83                                     1.03   2.02
  NRCDs + Pd^2+^   0.10                                        0.65                                        2.27                                        13                                     45                                     42                                     1.05   1.3

Lifetime of particular component.

Contribution of each component.

2.6. Detailed Analysis for the Response of In^3+^ and Pd^2+^ Using Energy Level Diagrams {#sec2.6}
----------------------------------------------------------------------------------------

Although the exact mechanism of the photoluminescence of CDs is still debatable, the most widely accepted mechanism is the surface state of CDs, which discusses how the degree of surface oxidation and surface functional groups on the surface of CDs play a crucial role in the photoluminescence properties. As a matter of fact, the red-shifted emission of CDs can be associated to the oxygen content on their surface, to be precise, the lone pairs of the oxygen atoms. It suggests that, with the increase in the degree of surface oxidation, the emission wavelength exhibits a red shift. The phenomenon is directly attributed to the decrease in their band gaps between the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO). In our study, we have already confirmed the binding interaction of the −OH group on the CDs' surfaces with both Pd^2+^ and In^3+^.

In the case of Pd^2+^-mediated fluorescence quenching of the NRCDs, it may be proposed that, when NRCDs were excited ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}), it led to the formation of electron (e^--^) and a hole (h^+^) pair. In the excited state of NRCDs, e^--^ were transferred to the vacant d-orbitals of Pd^2+^, which resulted in the splitting of the d-orbital of Pd^2+^.^[@ref21]^ Hence, the fluorescence emission of NRCDs via the radiative recombination process was restricted, causing fluorescence quenching. Moreover, due to the ground-state adduct formation of Pd^2+^-NRCDs, the number of lone pair electrons on oxygen atom will be reduced, causing a decrease in the HOMO energy level ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}b) of NRCDs as it is known that functional groups with more lone pairs of electrons introduce new surface states with higher energy.^[@ref19]^ As a result, the HOMO--LUMO gap increased as compared to the original NRCD band gap, causing a blue-shifted emission for Pd^2+^ ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}**).**

![Schematic illustration of the proposed energy levels and electron transition diagrams of (a) free NRCDs and NRCDs with (b) Pd^2+^ and (c) In^3+^.](ao0c00883_0004){#fig9}

However, during the adduct formation of In^3+^-NRCDs, the oxygen atom of the −OH group will not share its lone pair of electron due to the filled d-orbital of In^3+^ ions. So, e^--^ in the excited state of NRCDs will do efficient radiative recombination to generate the photoluminescence intensity. The fluorescence enhancement in this case might be a result of a higher number of available excitons in the system due to addition of In^3+^. This can be hypothesized as, when In^3+^ was added in NRCD solution, a higher number of −OH groups would come together for a binding motif and, as a result, a number of lone pair of electrons or exciton concentrations would increase. With more excitons, the radiative recombination rate of the NRCDs will increase, leading to fluorescence enhancement. Not only that, as discussed before, these available lone pairs of electrons will create new higher energy states, decreasing the band gap ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}c) of NRCDs, suggesting a red-shifted emission ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Another possibility is that, in the presence of In^3+^, there is aggregation of NRCDs, which can enhance the π-conjugation and restricts the rotational vibrations of the functional group present on the NRCD surface, increasing the radiative transition rate and decreasing the nonradiative transition rate.^[@ref19]^

2.7. Application of NRCDs as a Biolabeling Reagent in a Vesicle {#sec2.7}
---------------------------------------------------------------

Furthermore, before being subjected to bioimaging, the photostability of the NRCDs was monitored with excitation at 460 nm and emission at 621 nm, as shown in [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00883/suppl_file/ao0c00883_si_001.pdf), Supporting Information. The particles were found to be extremely photostable as 10 min of irradiation led to decrease in the fluorescence intensity of ∼0.1% of the original value. Considering the NIR emission and photostability of the synthesized NRCDs, they were considered as suitable candidates to detect the metal ions even under biocompatible platforms for possible bioimaging application. We carried out the confocal imaging experiment to check the viability of the prepared NRCDs as a biolabel with biocompatible Span 80 niosomes. Niosomes are a well-known drug carrier and a nonionic vesicle that mimics a biological membrane.^[@ref57]^[Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"} shows the bright-field and fluorescence images of Span 80 niosomes incubated with NRCD solution. The formulations produced a significant red emission when excited with a 460 nm laser (emission window was 580--620 nm). This observation confirmed that the synthesized NRCDs could be used as a biolabeling agent for in vivo imaging. Further, the confocal imaging experiments were also performed with two identical formulations but containing In^3+^ and Pd^2+^ ions. Enhancement in the fluorescence channel was observed with In^3+^, whereas Pd^2+^ completely quenched the fluorescence intensity of the NRCDs, matching with the steady-state fluorescence observations.

![(a, b) Bright-field and confocal images, respectively, of Span 80 niosome loaded with NRCDs. (c, d) Bright-field and confocal images, respectively, of Span 80 niosome loaded with NRCDs + 10^--3^ M In^3+^. (e, f) Bright-field and confocal images, respectively, of Span 80 niosome loaded with NRCDs + 10^--3^ M Pd^2+^.](ao0c00883_0003){#fig10}

3. Conclusions {#sec3}
==============

In summary, we synthesized a novel fluorescent probe (NRCDs) for dual detection of Pd^2+^ and In^3+^ in aqueous solution. Until now, there is no report on fluorescence sensing of In^3+^ using carbon dots. So, to the best of our knowledge, the reported NRCDs in this work are the first of their kind, acting as a dual sensor for In^3+^ and Pd^2+^ by offering an instant fluorescence turn-on and turn-off response, respectively. The binding interaction of the nanosensor with the metal ions was studied using ^1^H NMR and FTIR to reveal that the binding was realized through the −OH group present on the CD surfaces. An explanation was provided on the basis of the energy level diagrams to easily understand the mechanism of fluorescence quenching and enhancement of NRCDs upon metal binding. The different responses for In^3+^ and Pd^2+^ were substantiated with the analysis of electron transfer behavior and decrease/increase in the HOMO--LUMO band gap of NRCDs. Additionally, the NRCDs have been used to demonstrate its applicability as a bioimaging label in the NIR range.

4. Experimental Section {#sec4}
=======================

4.1. Chemicals {#sec4.1}
--------------

*p*-Phenylenediamine (*p*-PD) was purchased from TCI Chemicals, while amino benzoic acid and HNO~3~ were obtained from SD Fine Chemicals. Indium chloride was procured from Sigma-Aldrich. All the solutions were prepared in Millipore water. The reagents were used without further purification.

4.2. Instruments {#sec4.2}
----------------

The size and zeta potential measurements of NRCDs were studied using the dynamic light scattering (DLS) technique on a Malvern particle size analyzer (Zetasizer Nano Series, Nano-ZS) at room temperature. The FTIR spectra were measured within the range of 4000--500 cm^--1^ using a JASCO FT/IR-4200 Fourier transform infrared spectrometer. X-ray Photo-Electron Spectroscopy (XPS) measurements were performed on Thermo Fisher Scientific ESCALAB Xi+. The high-resolution transmission electron microscopy (HRTEM) experiments for the NRCDs were performed on Tecnai T20 200 keV, FEI. The absorption spectra of the analytes were collected on a Jasco V-670 spectrophotometer. Steady-state fluorescence measurements of samples were recorded on a Horiba Fluorolog spectrofluorometer using a 1 cm path length quartz cuvette. A Horiba Deltaflex Modular fluorescence lifetime system was used for the fluorescence lifetime measurements using the following instrumental settings: 460 nm NanoLED, peak preset of 10,000 counts, and emission wavelength of 611 nm. For all of the fluorescence data presented in this paper, all sample preparations and experiments were performed at 25 °C. The ^1^H NMR spectra were measured on a Bruker AVANCE NEO (400 MHz) with a magnet system: ASCEND 400 MHz/54 mm-long hold time magnet operation field at 9.4 T with an autosampler. A Leica TCS SP8 spectral laser scanning confocal microscope was used for confocal imaging experiments.

4.3. Synthesis of Red-Emitting Carbon Dots (RCDs) and Nitrogen-Doped Red-Emitting Carbon Dots (NRCDs) {#sec4.3}
-----------------------------------------------------------------------------------------------------

For synthesizing RCDs, 0.1 g of *p*-PD and 0.1 g of amino benzoic acid were dissolved in 10 mL of water. Then, the solution was transferred to a Teflon-lined autoclave and the mixture was ultrasonicated for 20 min. The autoclave was sealed and heated at 180 °C for 4 h and then naturally cooled to ambient temperature (20--30 °C). The obtained deep purple-red solution was centrifuged at 12000 rpm for 30 min. For preparing nitrogen-doped CDs (NRCDs), a 1:1 ratio of *p*-PD and amino benzoic acid was dissolved in 10 mL of water. To this, 0.23 M nitric acid was added in the ratio of 2.5 and the above procedure was repeated. After centrifugation, the supernatant was collected, lyophilized, and stored. Then, CDs were further dispersed in water. We have used the final concentration of diluted CDs solution of ∼0.1 mg/mL for the absorption studies and ∼1 mg/mL for fluorescence studies, if not mentioned otherwise.

4.4. Niosome Preparation {#sec4.4}
------------------------

Niosomes were prepared using a standard method, known as the thin-layer evaporation method. Non-ionic surfactant Span 80 and cholesterol were taken in the molar ratio (mM) of 1:1. Later, this was dissolved in a 2:1 mixture of chloroform/methanol mixture. The solvents were evaporated in a rotary evaporator under vacuum of 20 Hg at 30 °C and 100 rpm until a thin film formed in the round-bottom flask, which was then hydrated with Millipore water. The suspension was vortexed for 5 min and then sonicated for 30 min to obtain the final niosomal suspension.^[@ref45]^

4.5. Sample Preparation for Confocal Imaging {#sec4.5}
--------------------------------------------

For confocal imaging with niosomes, the NRCDs were incubated during the preparation steps for the vesicles from the surfactants. At the last step of the preparation, when the thin film was formed in the round-bottom flask, it was hydrated using NRCD solution (∼0.1 mg/mL). Then, into 0.5 mL of niosomal suspension, 125 μL of Millipore water (blank), 1 mM In^3+^, and 1 mM Pd^2+^ were added each time to prepare three different analyte solutions for confocal imaging. The final concentration of metal ions in both cases was 0.2 mM. In all cases, the laser power (10%) and PMT voltage were kept constant.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00883](https://pubs.acs.org/doi/10.1021/acsomega.0c00883?goto=supporting-info).DLS data of RCDs, STEM image of NRCDs, excitation-dependent intensities of RCDs and NRCDs, XPS survey spectra of RCDs and NRCDs, detection of In^3+^ at different pH values, Stern--Volmer plot of NRCDs in the presence of Pd^2+^, zeta potential measurements of NRCDs before and after addition of In^+3^, absorption spectra of NRCDs in the presence and absence of In^+3^ and Pd^2+^, ^1^H NMR spectra of NRCDs with increasing concentrations of Al^3+^, photostability of NRCDs, fluorescence images of NRCDs with the metal ions, and UV--Visible and fluorescence lifetime titration experiments of NRCDs with Pd^2+^ ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00883/suppl_file/ao0c00883_si_001.pdf))
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